INTRODUCTION
Mandibuloacral dysplasia type A (MAD type A (MADA); OMIM # 248370) is a rare disease with a recessive trait of inheritance. Its most common features are: postnatal growth retardation, skeletal abnormalities such as hypoplasia of the mandible and of clavicles, acro-osteolysis of the terminal phalanges, delayed closure of the cranial sutures, dental overcrowding, joint contractures, skin atrophy with mottled pigmentation, lipodystrophy limited to extremities, as well as metabolic abnormalities such as insulinresistance, diabetes, and hypertriglyceridemia. Affected individuals might also present progeroid features such as bird-like face with micrognathia, pinched nose, prominent eyes, hair loss, scleroderma-like skin changes, and nail dysplasia. MADA is associated with primary laminopathy resulting from mutation in the LMNA gene 1 encoding lamin A and C, the main components of the nuclear lamina. In addition, MAD type B, in which lipodystrophy is generalized, results from a secondary laminopathy caused by mutations in ZMPSTE-24 gene encoding zinc metalloproteinase FACE-1 responsible for post-translational modification of prelamin A. 2 The most common mutation reported in patients with MADA is the homozygous p.Arg527His substitution in exon 9 of the LMNA gene. 1, 3, 4 Other LMNA mutations resulting in MAD are homozygous p.Ala529Val and compound p.Arg527His/Val440Met. 5, 6 MAD with progeria-like features was described in relation to the homozygous p.Arg527Cys, homozygous p.Lys542Asn, homozygous p.Arg471Cys, compound p.Thr528Met/Met540Thr, and compound p.Arg471Cys/ Arg527Cys LMNA mutations. [7] [8] [9] [10] [11] In this work, we describe a novel homozygous p.Arg527Leu substitution mutation in the LMNA gene, resulting in MAD with progeroid features. We also suggest that a founder effect might be present in Northeast Egypt.
SUBJECTS AND METHODS Subjects
Family 1: patient APS 1201. A 4-year-old female patient (APS 1201, Figure 1 ) was referred to the Genetics Unit, Mansoura University Children's Hospital (MUCH) in Mansoura, Egypt, because of frequent episodes of obstructive sleep apnea with exacerbations of upper airway infections. She was born to unrelated parents ( Figure 2a) ; however, both parents originated from families living in the same small village of Salamon Al-Komash, Dakahlia Governorate, and a distant kinship cannot be completely ruled out.
Family 2: patient APS 2301 and patient APS 2302. Two sisters aged 10 and 4 years (APS 2301 and APS 2302, respectively, Figure 1 ), inhabitants of Ismalia city, Egypt, born to consanguineous parents (Figure 2a) , were referred to the Genetics Unit, MUCH, Mansoura, Egypt, because of impaired motor skills (such as difficulty in walking) and to marked stiffness in the hands, feet, and back. Both had been born by a normal, vaginal delivery. At birth, they were completely normal, with average birth weight and height, good suckling, and fair neonatal reflexes.
Blood smear
Blood smears were routinely stained using May-Grunwald-Giemsa method.
DNA isolation
Genomic DNA was extracted from peripheral blood mononuclear cells using the Capture Column Kit (Qiagen, Hilden, Germany).
Genetic testing
A total of 12 exons of LMNA, 10 exons of ZMPSTE-24, and exon-intron boundaries were amplified 12, 13 and sequenced with a Big Dye Terminator Sequencing Ready Reaction kit (Applied Biosystems, Carlsbad, CA, USA) on the ABI PRISM 373 fluorescent DNA sequencer (Applied Biosystems). 
Restriction fragment length polymorphism

Bioinformatics analysis
We predicted the effects of amino acid substitution on protein stability and function on the basis of the following methods: PolyPhen, PMut, SNPeffect, SIFT, Mupro, PoPMuSiC, CUPSAT, HOPE, nsSNPAnalyzer, and SNPs&GO. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] The crystal structure of the lamin immunoglobulin-like (IG-like) domain (pdb id: 1IFR) was used as an input wherever possible; otherwise, the protein sequence was used.
RESULTS
Clinical presentation
Patient APS 1201 was a full-term, healthy female, born by a spontaneous vaginal delivery, with normal development milestones until the age of 2 years. The first symptoms of the disease appeared when she was 2.5 years old; since then, she has been frequently admitted to the General, Pulmonary, Cardiology, and ENT wards of MUCH, because of a chronic upper airway obstruction associated with exacerbations of upper airway infections. Initially, adenoid hypertrophy was suspected; however, ENT consultants raised the possibility of mandibular dysplasia that might require reconstructive surgery to relieve the airway obstruction and obstruction-related infections. Next, she developed symptoms suggestive of a right-sided heart failure. Cardiac examination revealed marked systemic congestion, pulsating neck veins and a congested tender liver with the typical precordial signs of pulmonary hypertension (right ventricular uplift, accentuated second heart sound with close splitting, ejection systolic with early diastolic murmurs). The electrocardiogram showed right ventricular hypertrophy with marked right-axis deviation. Echocardiography revealed intact inter-ventricular and inter-atrial septa, poor cardiac muscle performance with reduced ejection fraction, and marked elevation of pulmonary blood pressure (45 mmHg). Respiratory function tests were normal. A diagnosis of sub-acute cor pulmonale due to upper airway obstruction was made, and treatment with oxygen inhalation, diuretic therapy, and digitalis was successful.
Symptoms detected at age 4 are described in Table 1 . Basic biochemical parameters and results of other tests are shown in Table 2 . Notably, no metabolic abnormalities were present, most probably because of the young age of the patient. The patient remains under the control of the Cardiac Clinic; she is maintained on diuretics and load reducers. To relieve the upper airway compromise, until maxillofacial reconstructive surgery is performed, she receives (on an 'on-demand' basis) a continuous positive airway pressure breathing (nasal CPAP) using a portable device.
Patient APS 2301 developed difficulties in leaning forward, in the ability to perform fine movements of hands (such as feeding herself and writing), and in movements of feet, all being a result of marked joint stiffness, at age 5. Plain radiographs of her hands and chest showed marked osteolysis (acro-osteolysis of terminal phalanges and absent clavicles; Figures 3a and b, respectively). She attended the Orthopedic, Dermatology, and Rheumatology Clinics; however, regardless of the prescribed treatment, symptoms were not relieved and systematically progressed. Patient APS 2302 started to have similar symptoms at age 3. Neither girl had any symptoms related to the respiratory system, they were normotensive without dyslipidemia.
Symptoms observed in Patient APS 2301 at age 10 and in Patient APS 2302 at age 4 are listed in Table 1 , whereas the results of biochemical and of other tests are shown in Table 2 . No metabolic abnormalities were noticed. They currently receive palliative physical therapy to relieve joint stiffness. They also receive vitamins and adhere to a dietary regimen to prevent dyslipidemia.
Blood smear
As the parents of the affected children did not agree for a biopsy, we evaluated the patients' blood smears. The majority (approximately 80% in the patient APS 2301) of the peripheral blood lymphocytes detected in routine blood smears stained with May-GrunwaldGiemsa method showed markedly irregular nuclear shape (Figures 3c and d) .
Genetic testing
We first sequenced all exons and exon-intron boundaries of the LMNA and ZMPSTE-24 genes in the three affected children. In all of them, sequencing revealed the presence of a homozygous c.1580G4T point mutation in LMNA exon 9, which resulted in the replacement of arginine by leucine at position 527 (p.Arg527Leu) in the IG-like domain of lamin A (Figure 2b ). Sequencing of ZMPSTE-24 revealed no mutations. Analysis of the sequence of the LMNA gene in the probands' unaffected parents (Family 1: APS 1101 and APS 1102; Family 2: APS 2201 and APS 2202) revealed that all of them were heterozygous p.Arg527Leu mutation carriers (Figure 2c ). In addition, identical heterozygous mutation was found in the unaffected grandmother (APS 2104), but not in the grandfather (APS 2103) of Family 2 (Figure 2d ). Other grandparents were not available for analysis ( Figure 2a) .
As the same mutation has been found in two unrelated families, we decided to check its prevalence in Northeast Egypt, the region where both families live. Restriction fragment-length polymorphism analysis performed in 178 unrelated, randomly selected inhabitants of this region, showed that two of them were heterozygous carriers of the c.1580G4T LMNA mutation. The presence of this mutation was Computational predictions of the p.Arg527Leu LMNA substitution effects Computational analysis showed that the p.Arg527Leu substitution leads to the disruption of a salt bridge, introduction of a hydrophobic residue on the protein surface, and to the formation of a cavity that increases the solvent-exposed hydrophobic surface (Figure 4) . We predicted the effects of p.Arg527Leu substitution on protein stability and function on the basis of a series of algorithms (Table 3) . Predictions returned by most methods agree that the substitution of the positively charged arginine to the non-charged, hydrophobic leucine, results in destabilization of the lamin A IG-like domain structure and may increase the protein aggregation tendency. The primary destabilization of the protein structure will cause secondary effects due to the alteration of lamin A interaction with its protein partners.
DISCUSSION
Mutations of the LMNA gene result in a wide range of diseases, termed 'laminopathies' , 24, 25 such as autosomal dominant p.Arg527Leu LMNA mutation and mandibuloacral dysplasia M Al-Haggar et al [32] [33] [34] and restrictive dermopathy. 13 Their phenotypes are quite diverse, most probably owing to the multiple molecular functions of lamin A, including the regulation of gene transcription, chromatin organization, DNA replication, maintenance of nuclear integrity, and mechanotransduction, that might be diversely affected by various mutations. 35, 36 A difficulty arises when genotype-phenotype correlations are being made. In some laminopathies, there is a good correlation between the specific mutations of LMNA and the clinical manifestations of the disease; in others, multiple mutations present in distinct parts of LMNA might all result in a similar phenotype; in still other cases, the mutation of a single residue might result in a diverse phenotypes. 37 Indeed, this was also true for our patients; even though they all had the same LMNA mutation, the symptomatology of their disease was not exactly the same. First, the initial, most pronounced symptoms of the disease in the girl from Family 1, were related to the respiratory tract and appeared at the age of 2.5 years, whereas the initial symptoms in girls from Family 2 were related to the stiffness of joints and appeared at the ages of 3 and 5. Second, the extent of typical MAD symptoms varied. For example, hypoplasia of the clavicle, joint contractures, and mottled hyperpigmentation were less evident in the 4-year-old girl from Family 1 than in the 4-yearold girl from Family 2 and in her older sister. Third, symptoms of progeria also differed between these girls: the child from Family 1 had neither high-pitched voice nor alopecia, whereas both symptoms were present in children from Family 2. Finally, acanthosis nigricans was present in children from Family 2, but absent in a child from Family 1. The difference in the extent of symptoms in the sisters from Family 2 might be explained by their age and by the time that has passed since the occurrence of the first symptoms. In contrast, differences in clinical manifestations of the disease between the child from Family 1 and children from Family 2 are not the result of age or time. We speculate that they are a result of diverse interactions of the mutated lamin A with other proteins or a result of different epigenetic modifications of the mutated LMNA.
Respiratory problems due to mandibular hypoplasia in MAD patients were not reported. However, they were observed in a child from Family 1; she suffered from obstructive sleep apnea complicated by pulmonary hypertension due to mandibular hypoplasia and backward displacement of tongue. Recently, pulmonary hypertension has been described in two patients suffering from classical progeria without cardiovascular impairment, diabetes mellitus, or hypertriglyceridemia. These patients, carriers of the BANF1 mutations, suffered from profound skeletal abnormalities and developed pulmonary hypertension due to severe scoliosis. 38 In addition, patients with mandibular hypoplasia because of causes other than MAD (eg, fibrodysplasia ossificans progressiva) were reported to have obstructive sleep apnea causing significant pulmonary hypertension. 39 It thus becomes plausible that other patients suffering from MAD might develop pulmonary hypertension at a later age, and therefore, should be carefully evaluated.
Our primary finding is the association of a novel homozygous c.1580G4T mutation of LMNA, resulting in the replacement of arginine 527 by leucine (p.Arg527Leu), with features of MADA and of progeria. The most common genetic cause of MADA is the homozygous p.Arg527His LMNA mutation. 1, 3, 4 Furthermore, the homozygous p.Arg527Cys LMNA mutation results in early and severe MAD and progeria. 7 According to the computational structure prediction, a basic arginine at position 527 of the wildtype lamin A, forms a salt bridge with the glutamate at position 537, thus stabilizing the structure of the conserved C-terminal IG-like domain of this protein. 40, 41 Our computational structure prediction showed that the replacement of arginine 527 by a neutral, hydrophobic leucine, completely destroys the salt bridge, and this results in the destabilization of the IG-like domain structure and increases the tendency for protein aggregation. Such an alteration most likely affects the interactions of lamin A with other proteins, thereby influencing multiple cellular processes. This, in turn, might explain the severe clinical presentation of the disease observed in our patients: its early appearance and the presence of a full set of typical MADA symptoms together with some progeroid features. We also showed that the replacement of arginine 527 by a basic histidine results in the destabilization of the salt-bridge formation; however, it has less severe consequences than the effects predicted for the replacement with leucine. Finally, we showed that the replacement of arginine 527 with a neutral cysteine leads to a broad change in the local landscape. Moreover, cysteine at position 527 presents a tendency to form disulfide bridge with cysteine 522 (based on the disulfide bridge predictors DiANNA and DIpro, 42, 43 ) which could affect protein folding. Importantly, results of our computational disease prediction correspond quite accurately with the phenotypes associated with mutations of amino acid 527: p.Arg527His that was predicted as the least pathogenic, results in MADA; p.Arg527Leu that was shown as intermediately pathogenic, results in MADA and progeria; finally, p.Arg527Cys that was predicted as the most pathogenic, results in an earliest and most severe MADA and progeria (Table 3) .
The second major important finding described here is the common occurrence of the mutated allele in the inhabitants of Northeast Egypt; we found that almost 1.12% of them might be heterozygous carriers of the mutation. To the best of our knowledge, this is the first case when a mutation was detected in unrelated, unaffected members of the same community, suggesting the existence of a founder effect in this population. A founder effect was also suspected in the Italian population, where the p.Arg527His LMNA mutation was detected in nine MAD patients from five families originating from sparsely populated area in central Italy, with a probably high percentage of consanguineous marriages. However, this was not confirmed. 1 In summary, the main finding reported in this work is a novel c.1580G4T mutation of LMNA causing replacement of arginine 527 by leucine. This mutation was found in three patients of the Egyptian origin, suffering from MADA syndrome and from progeria. We also show that the percentage of mutation carriers in Northeast Egypt might be approximately 1.12%, suggesting the presence of a founder effect. These results deserve a detailed analysis.
